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FORWORD
¢ Tnis revart is the final technical document describing the work accomplished %
:, under Office of Naval Research Contract NOC014-80-C-0465. The report ;
i describes the approach to and results of the Phase I study to develop concepts }
; for closed cycle cryocoolers for low temperature electronic circuits. j
] E
3 4
Q Technical contributions to the program have been made by Ms. J.M, Kaufman and 4
3 Dr. B. A. Andeen, of CTI-CRYOGENICS and by Dr. J. Nicol and Dr. M. Rona of ;
Arthur D. Little, Inc.
2 oo
% Consultation and advice have been contributed by Mr. F. Chellis, and %
Dr. P.J. Kerney of CTI-CRYOGENICS. _.=
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NOMENCLATURE
Definition

Area
Displacer radius
Heat capacity of gas
Wall specific heat
Gas specific heat
Heat capacity of regenerator
Displacer diameter
Regenerator loss
Operational frequency
Form factor
Frequency of operation
Surface heat transfer coefficient
Terrestrial field
Magnetic field
Thermal conductivity
Shuttle loss constant
Thermal conductivity of cold gas
Gas thermal conductivity
Wall thermal conductivity
Lengih
Length of displacer
mass flow of gas

Logarithmic decrement

watts

cycles/sec

Hertz
watts/cmzK
guass
guass

watts/cmk

watts/cmK
watts/cmK

watts/cmkK
cm

cm
gram/sec

1/cm
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NOMENCLATURE (Continued)

b
i 9 - .
g- Symbol Definition Units
Sf ?1 NTU, Number of Transfer Units
? PL Low pressure atm
k
: Py High pressure atm
i PR Pressure ratio
§; Pmax Maximum cycle pressure atm
5 ' Pmin Minimum cycle pressure atm
; P Pressure atm
i' if 4P Pressure difference atm
: i Cpg“
SN Pr Prandtl number 4=
oy g .
Eo Qgross Gross or Thermodynamic Cooling watts
é ! ¢ Q Conduction Loss watts
i A
b A i
Lo | qump Pumping loss watts
{ f wr Qshut Shuttle loss watts
‘ 8
AT B % Cap Regenerative Friction loss watts
d l fad
: , t Qreg Regenerator loss watts
/ i .
SRR R Gas constant 3K
!
\ S Gap between displacer and cy1inder cm
AT Temperature difference K |
j
Ta Ambient Temperature (or tomperature of
next warmer stage) K
Te Temperature of expansion chamber K §
]
Tavg Average temperature K ;
T Temperature K f
Vinax Maximum Cold Chamber Volume cm :
3
Viin Minimum Cold Chamber Volume cnd ;
i
vi ‘i
:
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Temperature at surface of wall
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NOMENCLATURE (Continued)

Symbol Definition Units
v Volume cm3
Var Impingement velocity cm/sec
X Thickness cm
X, S1ot characteristic dimension cm
X Magnetic susceptibility
I, Distance from mean position of end of

displacer cm
a angle radians
A Thermal penetration depth cm
" Gas dynamic viscosity g/cm sec
P wall density g/cm3
o, Gas density g/cm3
8 Temperature fluctuation ampiitude K
ee,a Temperature of gas aext to wall K
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I. ABSTRACT

The ultimate goal of the total program is to develop ci'yocoolers which operate
at 4.2K with a heat load of at least 10 milliwatts. 7The goal of this Phase I
effort is to conduct a conceptual study of small, low power, very low magnetic
signature, lightweight, efficient closed cycle cryocoolers suitable for use
with superconductive and other low temperature electronic circuits and systems.
For this initial phase, the cryocoolers are to produce 50 milliwatts at 10K or
Tess with electrical input power not to exceed 250 watts.|' Temperature fluctua-
tions at the electronics of + 0.01K or less are required,/ The cryocoolers are
to have miniumum mechanical motion and magnetic signatufes.

. -~
BT T RN o

his study has examined various thermodynamic approaches and modeling. Regen-
erator geometries have beer examined and regenerator materials have been
screened, selected, and evaluated. Several configurations have been evaluated.

Preliminary vibration and magnetic signature analyses have been performed on
the most promising concepts.

Three primary concepts were selected. These are a small Macor concept, a jarge
Macor concept and a Nylon concept. A1l have input power requirements between
140 and 210 watts. The small Macor concept is recommended for Phase Il design
and development because of its small size, ceramic construction and higher
operating speed. An integral drive is recommended.

Conclusions are reached that the power goal is achievable as is the temperature
fluctuation goal, but the vibration and magnetic signature goals require
further definition and analysis. Other critical areas identified include
helium permeation and ceramic residual iron.At

Recommendation is made to proceed with a Phase 11 detailed design of the smal)
Macor concept, and to proceed with approaches for solving the helium permea-

tion, vibration and magnetic signature, and ceramic residual iron areas of
concern,

%
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I1. INTRODUCTION

:I; The United States Navy is currently developing cryocoolers to support super- 3

: : conducting electronics applications such as magnetometers and gradiometers.

! %» These applications have specific requirements and characteristics. The re-

Eg B frigeration requirement at the operating temperature of 10K is 50 milliwatts. ;

o ; However, a high degree of passive temperature control is required. Temperature 4

. ' variations of * O0.01K or Tess are specified in order to obtain the thermal

) EE environment required by the electronics. State of the art magnetometers are

sensitive to magnetic inputs on the order of 10']] G Hz'1/2 and gradio-

; : meters are sensitive to 10712 Gem™ TH2™V/ 2, Field instruments also exhi-

. f’ bit about the same seniitivity. If these sensitivites are to be meaningful in

b - practice, magnetic noise and mechanical motion inputs induced by the cryocooler ‘

; g ”5 within the effective bandwidth must be held to less than these values at the

? o 54 detector. Materials of construction should be 1imited to non-ferromagnetic %

! f materials because movement of magnetic materials through the Earth's magnetic

i ;' field of 0.5 Gauss is sufficient to mask the attempted measurement. The use %
i

[ E R N L SR )

l i of any metal at all must be carefully considered because of the magnetic field

: : problems. The study is to include a thermodynamic analysis of achieving the .
‘ "_ required refrigeration and temperature control as well as a study of the effect j
! : ‘ of the materials and method of construction on the critical magnetic require~

f i ments of the electronics.

Because of the critical nature of the magnetic signature criterija, CTI-CRYOGENICS
has enlisted the consulting expertise of Arthur D, Little, Inc. Consultants from
their staff have assisted as team members in the evaluation and assessment of
magnetic signature and vibration cssociated with proposed concepts.

Purpose:

The purpose of this study is to propose closed cycle cryocooler concepts
compatible with highly sensitive superconducting electronic systems.:




Design Requirements

3 .4

%‘ GI; The cryoconler concepts are to achieve the following design specifications:
: ‘:
i i ® An operating temperature of 10K or less for a heat load of 50 milliwatts

vyow is required.

; ° The ultimate operating temperature with no applied load is to be less than
8.5K.

s BT

; . ° The temperature stability at the cold station for a heat load of 10 to 50
f R milliwatts is to be of the order of or less than + 0.01K. This stability
A is to be achieved without the use of any electrical feedback system for

temperature control.

The ultimate goal of the program is the development of a cryocooler capable
of achieving an operating temperature of 4.2K with a heat load of at least

10 mi1liwatts.

B
-]

R Y L

.o -

° The electrical input power should be minimized. The upper limit is

T e e < e
—

{' : 250 watts and a preferred value is 100 watts.
1 ! N ® Weight and volume are to be as small as possible consistent with the
3 ! required thermal performance, minimum maintenance, and a long Mean Time
? § Between Failures (MTBF).
1 i ® Magnetic signature and mechanical motion of the cryocooler at the cold
: { f station must be minimized. The goal of the magnetic signature and vibra-
1 'H §~ tion criteria is to not interfere with measurements as small as 10714
e Testa RMS (10710 6 RMS). This corresponds to a rotation in the earth's
g} magnetic field of the order of 107!0 radians.
%} Procedures are to be outlined for distinguishing between various possible
. %ﬁ mechanical motion and magnetic signatures and for identifying the sources

2
A

of the signatures.

LRl
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The scope of the study includes the following:

® Concept or concepts are to be proposed which satisfy the design specifica-

tions.

o ——
i

® Provide back up material giving the basis for the performance and the
method of selection.

° frovide back up material for the consultant's analysis of vibration and
magnetic signature.

T T W T T
.
. I ~

Summary:

In order to more closely satisfy the design specification for clcwnd cycle
cooling, Stirling refrigeration cycle concepts have been formul.ced. The
Stirling cycle approach has been selected because it is the only mature

i thermodynamic cycle which offers the efficiency needed to meet input power
requirements. The studies have included regenerators located in the cylinder
‘ wall using a solid displacer (the annular wall regenerator) and gap regenera-
tors. Gap regenerators use the clearance between a solid displacer and the
cylinder wall for the helium flow, and thermal penetration into the displacer
piston ard cylinder wall as the regeneration heat transfer.

R T TV ——
v -
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Materials evaluated have included plastics, glasses, and metals. The plastics
and glasses have more attractive magnetic properties. In addition they have
low thermal diffusivity -- an advantage in gap regenerators.

g e e———

+ G -
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Gap regenerators offer thermodyramic and magnetic field advantages, but also

‘F!m T TR T e T W e

' present other problems, e.g., helium permeation through the materials, and §

b dielectric charge generation. Annular wall configurations have more diffi- ;

a

E culty in meeting the input power requirements because of the relatively large j

\ : cross secticn area in the regenerator which leads to conduction losses. Th2 i

*\ : small Macor concept using a gap regenerator has been selected as the most 3

{ {:} attractive candidate for further development and a plan for Phase Il of that i

; g development is presented in this report. The small Macor concept offers §

i
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minimum size combined with a low input power requirement. Higher operating
speed will provide a greater separation of cryocooler and electronics fre-
quencies of operation. The shorter, lighter cold finger vibration amplitudes
will be less than those of the larger concepts.
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1II. METHOD OF APPROACH, MODELING TECHNIQUE

Modeling of Stirling Cycle

1 In order to conform to the program schedule requirement, a CTI-CRYOGENICS

l proprietary mathematical model and the corresponding computer program was
modified to provide thermodynamic performance predictions of the Stirling
cycle for two specific geometries. These were the annular cylindrical wali
regenerator and the gap regenerator geometries.

° Annular Wall Regenerator Geometry

The annular wall geometry, illustrated in Figure 1, has the advan.age
that the features of a metallic regenerator material, e.g. high
specific heat, are available in a stationary regenerator matrix. A

' solid non metallic displacer can be used to move the gas through the
regenerator. The non metallic displacer can be chosen to have mini-
mum effect on magnetic signature. While vibration of the regenerator
matrix and cylinder wall must still be minimized, the metallic
regenerator matrix does rnot move as a consequence of carrying out the
thermodynamic cycle.

The annular wall regenerator shown in Figure 1 is a six stage Stirling
refrigerator. The displacers are solid so that helium gas cannot
flow through them, but must flow through the annular regenerator areas

located in the cylinder walls. The cylinder walls are in effect,
? hollow. The hollow space is filled with one or more materials that
* serve as heat storage volumes. Thece materials are generally porous
‘ so that heiium can flow through and exchange heat with the material N
|

N

with a minimum of pressure drop. Helium enters the regencrator
through several entrance passages shcwn as 45° ports at the top of
each regenerator stage. The exit ports are shown as 45° ports at the
bottom of each stage. When the displacer moves upward, the helium
gas is displaced from the space above the displacer into the entrance
* ports. This represents the high pressure heat removal from the gas

_ ‘('} in the Stirling cycle. During the low pressure cooling of the regen-
1 . : erator, the displacer moves down. and the entrance and exit pert func-
1 tions are reversed. A

o
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The inner wall of the cylinder may be a different material from the
( ) outer cylinder wall in order to reduce conduction heat losses. Since
; | this inner wall has very little pressure diop, it can be made very
. thin. Its function is to divide the regenerctor volume from the dis-
f i| placer volume. This wall is illustrated as a single line alongside
o the displacer in Figure 1.

. There is a gap in Figure 1 between the displacer and the cylinder
. wall. This gap actually contains a seal to prevent gas from leaking
E around the displacer instead of traveling through the regenerator.
g The seal has been shown on the first stage only as an illustration.

° Gap Regenerator Geometry

i The gap regenerator system is illustrated in Figure 2. Whereas other
o geometries such as the annular wall regenerator have specific volumes
of regeneration material, the thermal regeneration in this geometry
occurs by thermal penetration into the cylinder and displacer walls.
When the displacer moves upward, helium flows downward in the gap

. between the cylinder and displacer. For displacer diameters on the

b order of 2 cm, the gap will be on the order of 0.01 cm. heat

| transfer between the helium gas and the cylinder and displacer walls
occurs by surface heat transfer. During the phases of the cycle,
heat penetrates into and is removed from the walls in the fashion of
a damped temperature wave propogating into a wall with periodically
changing surface temperature. During the high pressure regenerative
heat exchange, the displacer moves upward. The helium gas flows
downward between the cylinder and displacer. Since the helium is
warm from the compression that occurred previously, heat is
transferred to the regenerator and the gas is cooled. The heat pene-
trates into the regenerator wall and is stored. After the expansion
process to lower pressure, the displacer moves downward thereby dis-
placing the cold helium upward through the gap. Heat is transferred
to the helium thereby cooling the cylinder and displacer wall surfaces.

!
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The rest of the hardware and process is represented by a standard
Stirling refrigeration cycle. An integral compressor (compressor and
cold finger connected by a common mechanical linkage) is {llustrated,
but any arrangement, e.g., the split system or gas driven system,
used in Stirling cycles could be used in the gap regenerator geometry.

Modeling of Thermodynamic Performance [1]

T ST ST AT T

ST T TEYN S men TR st e i3 e e

i AL e el A e S

The method of modeling the thermodynamic performance assumes that all the
system losses can be decoupled from each other and calculated separately.
The amount of useful cooling at the cold tip can then be calculated as the
difference between the thermodynamic or gross cooling at the expander and
all the losses acting on the gross cooling. The performance calculation

then becomes a problem of identifying the gross cooling and the various
losses. The principal losses are the conduction loss, shuttle loss, pumping

Toss, regenerator loss, regenerator friction loss, and seal frictional heat.
The frictional seal loss doesn't occur in a gap regenerator geometry. The
following discussior: will identify the gross cooling and each of the

respective losses.

Gross Cooling

Gross or thermodynamic cooling per cycle can be expressed as:

-

In the case of cycles where the PV cycle diagram is in large part
rectangular and the cycle pressure changes are primarily determined by
the pressures of source and sink lines, the thermodynamic cooling can be

expressed as:

Qross = F (Puax = Puin) Ciwax = Vuon) (2)

where F is a form factor between 0 and 1 to account for the lack of a
completely rectangular cycle diagram. The Giffui-d-McMahon cycle is one
example where the pressures of the source and sink represent the cycle
maximum and minimum pressures very closely. In this case, a form factor
may typically be on the order of 0.7.

-10-
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In the case of a Stirling cycle, the PV diagram is typically more
rounded. The value of F is therefore reduced. Also, the importance of
knowing the correct F is increased. 1n order to determine the value of
F to use if equation (2) is used for the gross cooling, the complete
mathematical model was compared with experimental data on existing
CTI-CRYOGENICS' Stirling cycle refrigerators. A resulting value of 0.6
for F provided agreement of the model with the data over the ranges of
data available.

Conduction Loss:

The cold and warm ends of each stage of refrigeration are thermally
connested by conductive paths through the displacer, cylinder wall, and
regenerator (if present). These conduction losses can be calculated as

Q={- AAT (3)

The thermal conductivity, k, is evaluated at the mean temperature of the
section under consideration for displacer and cylinder wall conduction.
For regenerator conductior, k is evaluated using the correlation found
in Figure 11-7 of McAdams [2]. The correlation in McAdams is explicitly
for spherical particles and stagnant interstitial gas. It doesn't
address wire meshes and ignores packing pressure, which can affect the
conductivity by changing the contact resistance between spheres. Never-
theless, the correlation is used to estimate the bed conductivity. The
conductivity of wire mesh regenerators is estimated by assuming that
they act as particulate regenerators with a void volume fraction of 0.5.

Shuttie Loss:
The shuttle Yoss is also cailed motional loss. It occurs because of a
thermal gradient along the length of both the displacer and cylindrical
cold finger. With the displacer at various positions relative to the
cylinder, the thermal gradient is not the same in both of them. There-
fore, there is a mismatch in local temperatures across the gap between
the displacer and the cylinder. Heat transfer occurs across the gas in
the gap in both directions depending on the relative positions of the

«11-
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displacer and cylinder. The combination of displacer motion and gap
heat transfer causes heat to be t:ansferred from the warm to cold end of
the stage which results in a loss. The form of the shuttle loss has
been derived by Andeen [1] as:

\ K (4 -
b ? QsHUT = s kg cold DYSL(TA Te) “

& s Pumping Loss:

The pumping loss occurs in annular wall and conventional regenerator

geometries but not in the gap regenertor. It is a direct result of the

clearance gap between the cold finger and the displacer. During

‘ pressurization, cold gas from the cold end is forced into this annular

? : gap. Since this annuiar gap becomes warmer as the ambient end is

; ' approached, the cold gas becomes heated while traveling up the annulus.

- Likewise, upon depressurization, gas traveling back toward the cold end
! is cooled. However, due to the finite ineffectiveness of the annulus as

“ iJ , a regenerator, the gas re-enters the cold end at a higher temperature

g - ! than when it left. The net temperature gain results in an enerjy

] transport to the cold end (a heat leak). The formulation [1] used in

the model is :

1.6

4 Lkg SaT 'mRPM Cpg DS aP
? - (5)

Q . —
PUP = 3 =73 R Tave kq

1

Regenerative Friction Loss:

Gas flow through the regenerator will cause a pressure drop across the
regenerator. Because of the pressure drop, the gas at the cold end
undergoes a smaller cycle fluctuation than at the warm end. Therefore,
Qgross formulations such as equation (2) are overpredictive. The
applied correction factor is a loss due to the pressure drop across the
regenerator given by:

QRF = 2F A PMAX (vmax - Vmin) (6)
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Regenerator Loss:

The regenerator is functionally a heat exchanger because heat is
cyclically exchanged between the helium gas and the regenerator matrix.
As in any heat exchanger, there must be a temperature difference to act
as a driving potential for heat transfer. If the temperature difference
approaches zero, so does the local heat transfer. It follows that the
regenerator cannot totally reduce the incoming gas temperature to the
cold end temperature. This inability represents the largest single cycle
loss in most regenerative refrigerator designs.

The formulation used in the mathematical model is based on the Kays and
London [3] analysis. The regenerator loss can be expressed as:

Oreg = (1 =€) mg Cpg (Ty = To) (7)

9

where 1-¢ represents the ineffectiveness of the regenerator expressed as:

R i (8)
where:
- 1/2 1/4
g « NTUg 1.66 NTUO‘l + [ 1

}
Data Correlations:

Data correlations used in the mathematical model have been obtained from
various sources. Specific heat data for solids has been taken from
Corruccini and Gniewek [4] and other data from the TPRC Data Series [5].
Thermal conductivities from the TPRC Data Series [5] and from the WADD
Technical Reports [6] have been used.

The correlations for the specific heat and compressibility factor for
helium gas were obtained from Radebaugh [7]. The specific heat corra2lation
is accurate to 2% for 0.5 atm to 25. atm and 10K to 300K. The compressi-
bility vactor correlation is also accurate to 2% for 1 atm to 5 atm and 6K

to 300K. Since the lcwer limit of 10K on specific heat limits the range of.
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the correlation, some caution must be used in extrapolatiny the resulis to
lower temperatures, e.g., to determine the 8.5K and 4.2K performance
requested for this program.

Gap Nodel:

The mathematical model of the gap regenerator treats the walls of the
cylinder and the displacer as infinitely thick. The perindic temperature
changes of the helium gas produces a periodic change of the surface temper-
ature of the cylinder and displacer walls. The change in surface tempera-
ture of the walls produces a temperature wave propagation into the walls.

A treatment of this type of temperature distribution i: an infinitely thick
wall and the resulting heat storage during half a cycle can be found in
Jakob [8]. A model of this type has been used by Radebaugh [9] in his
analysis of regenerator inefficiency of Stirling cycle plastic displacers.

A temperature wave propagating into an infinitely thick wall decays in

amplitude as an exponential function of the distance from the wall

surface. The distance that is required for the temperature amplitude to

decay to %— of its surface value can be found by:

6 =8 o’ae‘m’( (9)

where m is the logarithmic decrement:

/pC nf
m = _._P__._ (]0)
k

and is a function of the wall material properties and the speed of cyclic
operation.

The fraction of the total infinite wall heat storage that is stored in a

decrements, the cylinder wall thickness required can be determined. The

was similary treated,

finite wall thickness can be related to the number of decrements represented
_by the thickness, A. By specifying the wall thickness as a multiple of

annular thickness on the outside of the displacer that acts as a regenerator
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As the temperature is decreased, as in the colder stages of refrigeratien,
material k and Cp values change so the logarithmic decrement also changes.
The wall thickness that is required increases with decreasing temperature.

The concept cold stage wall thicknesses are therefore larger.

Thermal Damping:

Thermal damping is required to reduce the temperature fluctuations of the
helium gas in the cold end to the + 0.01K required at the electronics.
damping or effective temperature control must be passive.

feedback systems can be included.

The treatment of damping is based on damped temperature waves similar to
those occurring in the gap regenerator and reference is made to section

14-3 of Jakob [8].

Consider that the helium gas in the coldest stage has a temperature fluctu-
The surface of the inside end of the
cold finger in contact with the helium has a temperature amplitude of

ation halt amplitud

where:

eofe-ema.

where:

M = jogarithmic

decrement for the damping block

m =/;C af

k

and b is defined as:

b=kL
w
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The surface heat transfer coefficient, h, was evaluated using the General
Electric correlation [10] for an impinging jet flow from a slot nozzle:

h. x A .62 .333
-%!—3 =0.36 | Po'ar¥n | Pr (18)
’ D

The velocity, Var’ was evaluated by assuming that the helium gas flowed
into the expansion chamber during 1/4 of the cycle time. '

The temperature amplitude distribution inside the thermal damping block is
given by Jakob as a function of the distance, x, from the cold surface as:

-mx
e =6 e
0,a (9)

Combining equations (9) and {11) yields:

~mX
e = ee,a“e (15)
Using the properties of the helium gas, the refrigeration cycle pressures,
speed, and the properties of the damping material selected, the temperature
fluctuation amplitude can be found as a function of the length of the damp-

ing block.

The other consideration is that the temperature drop from the electronics
to the cold gas must be as small as possible so that the cold gas tempera-
ture drop below 10K can be held to a minimum. The total temperature
potential necessary to transfer the required amount of heat is:

o7 = mF + 328 (16)

The temperature fluctuation of equation (15) must be held to a minimum .
The temperature drop of equation (16) must also be minimized. These
criteria suggest the selection of a material for the damping block that has
a high thermal conductivity and a low thermal diffusivity. In other words,
while the thermal conductivity must be high enough for an acceptable aT,
the volumetric heat capacity must be high relative to the thermal conduc-

t .vity in order to obtain the heat capacity necessary for damping. Given
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these criteria, a material such as lead becomes attractive for thermal
damping. The length of the damping block can be adjusted to fi. the c¢ryo-
cooler concept geometry and speed to provide effective damping.

Lead is diamagnetic with a magretic susceptibility of about 1/4 that for
hetium gas. Therefore, the effect of the lead block on magnetic signature
will be minimal above the superconducting transition temperature of 7.2K.
Below this temperature, lead is superconducting and will exclude magnetic
fields.

The model for thermodynamic performance including the model of the gap
geometry combined with the data correlations is sufficient to determine the
thermodynamic performance of candidate cryocoolers. When this is combined
with the model for thermal damping, the performance of candidate cryo-
coolers can be compared with the program thermodynamic specifications.
These models were used to determine the performance of the concepts that
are presented in the following secticns.
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IV. CONCEPT DESCRIPTION

Drive System Concepts

The cryocooler concepts have three subsystems. These are the drive system,
cold finger, and thermal damping system. The method of modeling the cold
finger and thermal damping systems has been previously discussed. A brief
discussion of methods of driving the cold finger and their relative advan-
tages and disadvantages follows.

The cryocooler drive system can either be an integral drive (Stirling com-
pressor and ccld finger drive are connected by a common kinematic linkage
to the drive motor) or a split system (gas or hydraulic drive operates the
cold finger). The motor and compressor can be separated from the cold
finger in the split cycle arrangement. The split system advantages over an
integral system are Tower motor caused magnetic fields and more packaging
flexibility. The disadvantages are greater difficulty in balancing the
displacer (more vibration), possible short stroking (short stroking occurs
when the displacer moves less than the design stroke), and higher power
requirements. Short stroking of the displacer can occur at low temperatures
so that the gross cooling is reduced. Changes in pressure drop across the
displacer at low temperatures produce a change in seal friction which can
cause the displacer to move less than the design stroke. The result is a
decrease in thermodynamic performance. The power requirement is somewhat
higher because of line losses associated with the separation length of the
transfer line and because the split cycle compressor and cold finger phase
angle can vary from the optimum. The power increase because of these
effects depends on the length of the transfer line from the compressor to
the cold finger.

'3
f
R 3 A M T S s MSAES b A it R PR . i oAU, = oo N iAo SO A o St i i il il R i e iRl VI i .

The primary concepts will be shown with an integral drie because it can be
more closely balanced thereby giving less vibration and it will require
less input power because the line loss is less. The integral concept will
also have more consistent thermodynamic performance. Mu metal shielding of §
the motor is required to attenuate the motor caused magnetic field. This f
problem is more acute with an integral system because of the proximity of :
the motor to the cold end. Shielding is required with either an integral
or split system to attenuate the motor magnetic fields, however.
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Annular Wall Corcept

Several concept variations were performed on an annular wall concept with the
vbject of reducing the power input to within the program goals. Specifications
.] of the best concept resulting from the investigation are given in Table 1.

The required thermodynamic power was determined from the mathematical model.
This thermodynamic power wzs increased to cover mechanical losses based on
past experience. A 50% electric motor efficiency was then applied. The
corresponding electrical input power is approximately 1200 watts. Therefore
; this concept exceeds the input power requirements of the program. The

) problems occur in conduction losses because of the stainless steel walls, and
: the regenerator wire mesh and lead balls. Plastic or glass walls will reduce
these losses somewhat. The choice of an alternative regenerator bed material
is more difficult. Because of the low thermodynamic performance of the

: .i concept compared to the gap regenerator, the investigation was discontinued.

% ,J Gap Concepts

Nine configurations formulated using the gap regenerator geometry are
reported. Thermodynamic results are presented in Table 2. Three of the
configurations have been used as the basis for concept drawings and are
considered to be the most attractive candidates for further development.
These are the Large Macor (number 8), Nylon (number 7) and the small Macor
(number 9) configurations. Preliminary versions of the three primary

ORI L T

configurations were provided to Arthur D. Little, Inc. for their vibratior
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. and magnetic signature analysis. The report of that analysis follows the
| description of the three concepts.
; tﬂ
Table 3 is a gap configuration trade off table that summarizes the advan- i
{ tages and disadvantages of the gap configurations. The purpose of Table 3 i
is to summarize the numerical results of Table 2 and to present a qualita- ,
/] tive discussion to indicate the advantages of the best configurations. :
| ;
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|
2 .

AU UG M . SO ORI
e, Tea




T A Y T A T A R T R I e e

TABLE 1
ANNULAR WALL CONCEPT RESULTS

Number of Stages 4
Speed, RPM 225
Input Power, Watts 1200
Stage Temperature, K 150/87/30/10

Stage Capacity, Watts

Cylinder
° Material Stainless Steel
° Quter Wall Thickness, cm 0.04/0.04/0.04/0.04
° Inner Wall Thickness, cm 0.04/0.04/0.04/0.04
Regenerator
° Material Wire mesh/Wire mesh/Wire
mesh/Lead balls
° 0.D., cm 7.19/4.33/3.12/1.37
° I1.D., cm 5.16/3.25/2.36/0.71
° Annular Thickness, cm 1.02/0.54/0.38/0.33
Displacer
° Material Nylon
° Dijameter, cm 5.08/3.18/2.29/0.64
Stage Length, cm 10.2/9.5/9.5/8.9
High Pressure, atm 10,2
Low Pressure, atm 6.5
Stroke, cm 1.02

*Stage figures given are from warm end to cold end.
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Table 2
Gap Configuration Thermodynamic Results

(1) (2) (3)
Displacer/Cylinder
Material Nylon/St.Steel Quartz/Quartz Nylon/Macor
Number of Stages 4 4 4
Speed, RPM 60 85 120
Input Power, Watts 479 161 177
Stage Temperature, 3
K 180/80/30/10 180/80/30/10 180/80/30/10 %
Stage Capacity*, 3
Watts 0.120/0.026/0.150/0.050 0.298/0.035/0.245/0.050 0.187/0.152/0.013/0.0i
Stage Diameters*, k
CM™ 4,13/2.86/1.98/1.21 2.70/1.91/0.142/0.79 1.91/1.59/1.27/i.02 j
Stage Length*, CM  38.1/28.1/20.5/25.4 10.2/10.2/10.2/15.2 10.2/10.2/7.6/15.2
High Pressure, atm 7.8 7.1 7.1
Low Pressure, atm 2.8 2.8 2.8
Wall Thickness*,
M 0.16/0.16/0.25/0.40 0.16/0.16/0.25/0.40 0.16/0.16/0.25/0.40
Stroke, CM 0.70 0.95 0.70
*Stage figures given are from warm end to cold end. ;
!
x
-
:
i
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g Table 2 (Cont.) !
: { Gap Configuration Thermodynamic Results i
& ’ |
E, (4) (5) (6) ;
s Displacer/Cylinder ]
L Material Macor/Macor Macor/Macor Nylon/Nylon E
¢ ! '
L Number of Stages 2 3 4 \
: 95 95 2000 |

Speed, RPM

209 182

180/80/30/10

: Input Power, Watts 291
i Stage Temperature, K 50/10 140/50/10 *
' !

Stage Capacity*,
Watts

Stage Diameters*, CM 2.82/1.02 3.02/1.57/1.02 0.89/0.76/0.53/0.28

0.317/0.050 0.386/0.088/0.050 0.156/0.277/0.138/0.050 f

——

Lo Stage Length*, CM 25.4/15.2 12.7/12.7/15.2 5.1/5.1/6.1/5.1

High Pressure, atm 7.1 7.1 7.1

Low Pressure, atm 2.8 2.8 2.8

Wall Thickness*, CM 0.16/0.40 0.16/0.25/0.40 0.08/0.08/0.08/0.08

Stroxe, CM 0.95 0.95 0.25

i *Stage figures given are from warm end to cold end.
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Table 2 (Cont.)
Gap Configuration Thermodynamic Results

(7) (8)

Displacer/Cylinder :

Material Nylon/Nylon Macor/Macor
Number of Stages 4 4
Speed, RPM 60 107
Input Power, Watts 142 217
Stage Temperature,

K 180/80/30/10 180/80/30/10
Stage Capacity*,

Watts 0.277/0.062/0.111/0.050 0.316/0.072/0.045/0.050

Stage Diameters*,
CM™ 2.5/1.91/1.65/1.11 7.38/1.91/1.27/1.02

Stage Length*, CM  15.2/15.2/10.2/15.2 10.2/10.2/10.2/15.2

High Pressure, atm 7.1 7.1
Low Pressure, ctm 2.8 2.8
Wall Thicknessx,
cM 0.16/0.16/0.25/0.40 0.16/0.16/0.25/0,40
Stroke, CM 0.70 0.95

*Stage figures given are from warm end to cold end.

(9)

Macor/Macor
4
2000
166

E

A

180/80/30/10

0.164/0.138/0.123/0§

0.89/0.76/0.53/0.28§

5.1/5.1/5.1/2.5 4
7.1

2.8

4

0.08/0.08/0.08/0. 13

0.25
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The 2 stage Macor and Nylon/Stainless Steel configurations have input power
requirements which exceed the 250 watt limit. A11 of the other configura-
tions in Tables 2 and 3 generally have power requirements of 150 to 200
watts. This includes the increase of thermodynamic power to cover mechani-
cal and compressor efficiencies per past experience, and the electric motor
efficiency using a Western Gear Co. P/N 504720 motor as a typical drive
motor for determining power requirements.

The first configuration reported in Table 2 is comprised of a stainless
steel cylinder and Nylon displacer. Stainless steel has the advantage that
it is essentially impervious to helium diffusion flow through it. Even
though the iron content of stainless steel is an indication of magnetic
signature difficulties, a gap configuration was developed thermodynamically
using stainless steel as a basis of comparison. A Nylon displacer was used
to keep the conducticn lostes to a minimum. The results of the thermo-
dynamic analysis listed in Table 2 show that the input power requirement is
above the upper limit allowed in the program. The high thermal conduc-
tivity of the cylinder contributed to the higher conduction loss particu-
larly in the warmer stages where the conductivity of stainless steel is
high. To overcome the loss, a higher helium mass flow is required and this
leads tu the high power requirement. Therefore stainless steel is not
attractive because of high input power as well as the magnetic problems
because of the iron content. ‘

Ceramic materials have been investigated. A quartz configuration is
reported as the second configuration in Table 2. The cylinder and displacer
are both of quartz construction. Input power is within the program limit.
The helium permeability is relativeiy high, however, and it also contains
residual iron. An aluminum oxide ceramic, Coors AD995, was also inves-
tigated. The thermal diffusivity is 450 times higher than Macor (the
primary configuration material) at 10K. A high thermal diffusivity means a
poorer thermodynamic material for gap regeneration. The thermal conduc-
tivity is greater than that of stainless steel at 10K. This is a factor of
about 17 greater than that of Macor. The specific heat is about 40 times
Jower than Macor at 10K. The high thermal conductivity translates to
higher conduction loss in the walls. Low specific heat leads to a thicker
wall requirement'for regeneration. The aluminum oxide was therefore judged
inferior to Macor.
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After ertensive material search and analyses, Macor appears to be the
optimum material for this application because of low thermal conductivity,
low thermal diffusivity, good rigidity, and low magnetic susceptibility.
The Macor is Code 9658 Machineable Glass Ceramic (MGC) produced by Corning
Glass Company. Its helium permeability is at least two orders of magnitude
less than Fused Silica (quartz). The first Macor configuration is con-
structed of a Macor wall and a nylon displacer. The thermodynamic results
are shown in the third column of Table 2. It is thermodynamically competi-
tive with regards to power requirement and size. One of the problems with
construction of different materials is thermal contraction. The change in
dimensions from room temperature to cryogenic temperatures can produce gaps
that are too large or length changes leading to a large expansion chamber
clearance volume. These effects are discussed in the literature [11].
Because of differential contraction problems, an effort was made to use the
same material for both the cylinder and the displacer,

An investigation was conducted to determine the number of stages required
in a gap configuration of Macor construction. The results of thermodynamic
studies of 2, 3, 4 stage Macor configurations are listed in columns 4, 5
and 7 of Table 2. The 4 stage configuration shown is not fully optimized,
but it should require less power so it was chosen as a primary configura-
tion and will be discussed as the Macor concept later.

A small nylon configuration with a nylon cylinder and displacer was formu-
lated and is reported in column 6 of Table 2. It is competitive with regard
to power and size. However, the elastic modulus of nylon is low enough

that the dimensional changes that may occur because of the cyclic internal
pressure changes can 1ikely be a source of vibration for the electronics
package. A more rigid material is to be preferread if it is acceptable with
regard to the other criteria.

The Macor and nylon configurations listed in columns 7, 8, 9 of Table 2 are

"the primary configurations. Four stages were used because of the results of
studying 2, 3, 4 stages of Macor construction. Ailthough the 3 stage configu-
ration requires slightly less power, a full optimization will show that there
is a lower input power requirement for four stage systems. Five stage systems
would require even less power, but with diminishing returns. The power
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requirement decrease is marginal and the additional stage adds complexity to
the system. Four stages result from a trade off between input power and
complexity.

The thermal damping study indicates that lead blocks of the sizes shown in
o the primary configurations will reduce the temperature fluctuations down to
the required + 0.01K. Lead is the only feasible material identified for

i damping at this time. Material feasibility is based on a high thermal con-
. ductivity to minimize the required temperature difference to transfer the
heat at 10K, a very high specific heat to serve as a thermal capacitor, and
reasonable ease of fabrication. Helium also possesses a high specific heat
but the gas would have to be contained in a solid material. The gas inter-
action with the container requires two surface heat transfers resulting in
additional temperature drops to transfer the heat. No ceramic material with
satisfactory damping properties was found. The lead is diamagnetic above the
| superconducting transition temperature of 7.2K. Below the superconducting
b transition temperature, the Meissner effect of magnetic field exclusion will
; cause gross distortions of the magnetic field adjacent to the electronics

| package. In this case, an alternate means of thermal damping would be

) needed. However, lead is satisfactory at the 8.5K and 10K temperatures that
!ﬁ are primary in the present program.

Drive motors are 400 Hz geared motors. AC motors are recommended instead of
DC motors in order to achieve the minimum magnetic signature. Mu metal
shielding of the motor is a requirement to attenuate the magnetic field. The
motor used to determine the input power of the concepts studied is manufac-
tured by Western Gear Company (model number °/N 504720). This motor was
selected as a nominal representation of 400 Hz geared motors and was utilized
to quantify the input power for each gap configuration.

In order to achieve the 10']0 radians or less of electronics rotation, a 10
inch long cold finger (approximately the length of the small Macor configura-
tion) can only have a vibration amplitude of 10'9 inches. Even with a
mechanically soft mount and internal damping, the only way to achieve this
low vibration amplitude may be by electronics isolation and/or electronic
suppression of the vibration noise. Still, the natural frequencies of the
primary concepts are at least a factor of 7 higher than the operating fre-
quency. This will help 1imit the effect of vibration. The small Macor
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concept operating speed of 2000 RPM provides a sizeable buffer between it and
4 . the operational frequencies of magnetometers. The well defined frequencies

| a ' will allow an electronic suppression system to be detined with reasonable

; results expected. The electronic suppression is probably best handled in an
P integrated system design including the cryocooler, electronics, and aircraft

system or ground basec installation.

Nylon Concept

The Nylon configuration was selected for a primary concept because it
has a very small magnetic susceptibility, has a very low thermal con-
ductivity at low temperatures, and can be fabricated readily.

The nylon concept is shown in Figure 3. It has four stages. Cold finger
length is 56.5 c¢cm. Thermal damping requires a lead block with a diameter
' of 1.42 ¢m and 4.73 cm long mounted on the end of the cold finger. An

? estimated space of 1.42 cm diameter and 2.54 c¢cm long is provided for the
5 electronics. Inclusion of radiation shields at the 180K and 80K stages
and the vacuum shell makes an overall cold section length of 65.4 cm,

The overall diameter of the vacuum shell is 5.0 cm.

e T Tz 1 st me e

The gap thicknesses for the four stages are 0.05 cm, 0.04 cm, 0,02 cm, %
and 0.01 cm. The gaps are not shown in Figure 3 because of their small }

size.

Operating speed is 60 cycles/min making this the slowest speed configur-
ation. The stroke is 0.70 cm.

I 3

Pl oot W Wt

f The compressor will need to be designed in detail. The bore is 4.01 cm
and the compressor stroke is 0.70 cm. The features of the compressor
design will be described in the Small Macor discussion. p

The thermodynamic input power requirement is 50.2 watts. Using the :
efficiency of the P/N 504720 motor, electrical input power is 142 watts. j
This configuration has the lowest power requirement of any configuration ;

formulated in this study.
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Macor Concept

The larger slower speed Macor configuration was used for the concept
shown in Figure 4. Operating speed is 102 RPM and the stroke is 0.95 cm.
Cold finger length is 77.0 cm. The damping block is 3.86 cm long, has a
1.82 cm diameter and is constructed of lead. When this block, estimated
space for the electronics, radiation shields, and the vacuum shell are
added, the total cold finger length is 84,8 cm. The diameter over the
vacuum shell is 4,75 cm.

The gaps forming the regenerator from the warm to the cold stage have
thicknesses of 0.025 cm, 0,020 cm, 0.020 cm, 0.010 cm. These thicknesses
resulted in approximately optimum regeneration performance.

The compressor construction is aluminum. The stroke is 0.95 cm and the
bore is 8.0 cm. The compressor internal details are not shown in

Figure 4, but the same features are incorporated as are described in the
small Macor concept (Figure 5).

Majnetic signature figures are given in the Vibration and Magnetic Signa-
ture Section. Since the configuration has the longest cold finger
length, the motor is furthest from the electronics. Therefore, this
configuration will have the lowest motor noise at the electronics. Since
motor noise can be attenuated with shielding, this may not be of great
advantage. The lower operating speed may be a disadvantage since its
signature may be closer to the range of electronics frequencies of
interest.
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Small Macor Concept

The small Macor concept is shown in Figure 5. A summation of the stage
lengths from Table 2 gives an overall length of the cold finger of

18.1 c¢cm. When the damping block, estimated space for the electronics,
radiation shields, and vacuum shell are added, the length is 22.9 cm.
The diameter over the vacuum shell is 3.68 cm. The concept has four
stages as shown in the drawing. Wall thicknesses change somewhat with
stage as shown in Figure 5. The cylinder wall thickness for each stage
is a compromise between sufficient wall thickness to use the infinite
wall model while minimizing the axial thermal conduction loss.

The cylinder wall is shown as the thin cross hatched section with the
solid displacers located inside. Tha qaps that act as the regenerators
are too small to show on the drawings. The gap thicknesses are 0.01 cm
for all four stages.

The stroke of the cold finger is 0.25 cm. The stroke is the result of a
trade off between minimizing the shuttle loss with small stroke, achiev-
ing refrigeration power, and reasonable operating speed and size.

The lead thermal damping block diameter is the same as the coldest stage
diameter., The required length to damp the cold gas temperature oscilla-
tion inside the cold stage to the required 0.01K is 0.7 em. A fluctua-
tion of the temperature of the cold gas in the cold finger of 2K was
used in analysis. Preliminary calculations indicate that this is about
the maximum for the pressure ratios used in this study.

The compressor is shown in Figure 5. The bore is 4.0 c¢cm and the stroke
is 0.25 cm. Construction of aluminum is proposed. The arrangement
shown in the drawing provides that any helium that leaks past the lip
seal on the compressor or the stem packing on the cold finger is con-
tained in the crank chamher. In initial charging, the crank chamber is
charged with helium to the mean operating pressure. The lip seal will
preferentially leak from the crank chamber to the compression chamber.
Any small helium leaks during the high pressure phases of the cycle are
replaced by crank chamber helium during the low pressure phases of the

cycle. Therefore, there is no path for helium to leak out of the system.
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b : Magnetic field, motion and vibration induced magnetic signature are sum-

i~ marized in the Vibration and Magnetic Signature Section. Sources of
magnetic signature are discussed in the Magnetic Signature Section.

A Since this configuration is smallest, the electric motor (in an integral

5‘ 5] arrangement) is closest to the electronics. Therefore, the motor caused

‘* field is larger. Also, the length of the damping block that is required
‘ is less because of the higher frequency of operation. It would be of

‘ advantage, as far as displacer field distortion is concerned, to put a
copper rod on the end of the damping block to extend the electronics
away from the cold finger. At the same time, the copper extension would
lengthen the cantilever cold finger and thereby lessen the vibration
; frequency and increase the amplitude. Both are adverse effects. While
{ the various signatures have been identified and some of them quartified,
the trade offs of placing the electronics on an extended bar are dirffi-
ﬂ cult to quantify in a concept study. A technique of isolating the elec-
Lo tronics from the cold finger and using a flexible copper strap to conduct
the heat from the electronics to the refrigerator is a possibility. 1In
this case, the entire arrangement needs to be inside the radiation
shields and vacuum shell.

f The operating speed of the small Macor configuration was selected at

! 2000 RPM, The 2000 RPM was judged appropriate as an upper limit of speed
from past experience with the trade off between size, 1ife, and relia-
bility. With further development, smaller sizes at higher speeds may
prove to be even more attractive. The small Macor concept therefore,

has the highest beam vibration frequency. Other factors being equal,
this is preferred because the vibration noise will be far from the signal
band of interest. It may be possible to make a smaller cold finger that
operates at even higher frequencies. The trade off is the smaller size
at higher speed compared with reliabiliiy or Mean Time Between Failures. i
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g. [ There are critical areas to be addressed when using Macor as a cold
2 f finger material. Macor is permeable to helium. Static electricity is 3
A
s : generated in moving non conductors. Approaches to solving these problems i
X ; have been identified and are discussed in the critical areas section. é
G
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-34-
i _
a ’E

‘
L _
b g
Ay FIRAES AR i S et -
chiboser ata B EL T e L ST T e e Do et PR -
e - - <uf)] LR S SREY T IV OE UL L I P i o




Residual iror in the Macor ceramic will need to be minimized to produce
€ ) an acceptably low magnetic susceptibility. This ceramic has very attrac-
tive thermal properties--low thermal conductivity and high specific heat.
r It does have the problem associated with many ceramics in that residual
', iron from the raw materials, specifically magnesium oxide, is present in
i normal amounts of about 500 parts per million. Efforts have been
= exerted at Corning to reduce the residual iron to an absolute minimum.

Configurations 4, 5 and 8 are Macor with 2, 3, and 4 stages respectively.
Table 2 indicates that the three stage configuration requires less power
than either the two or four stage configurations. This is because the
configurations are not fully optimized. The three stage configuration
requires about the same power as the four stage. If the configurations
were fully optimized, the trend would be decreasing power reguirement
with increasing number of stages, but with diminishing returns. The

j four stage concept does not have as much of an advantage over the three
stage configuration as the three stage configuration has over the two

, stage. Similarly a five stage system would have even a smaller power

' advantage over the four stage system. At some point, the increase in
complexity is not justified by the decrease in input power obtained by
additional stages. The graph of this trend is included in the thermo-
dynamic performance section. From the discussion in that section, four
stages appears to be a reasonable trade off betwean input power and

complexity.

]
i
!
|
i
!
‘i
;
i
3

Nylon appears attractive thermodynamically because its low thermal con-
ductivity produces Tow conduction losses and reasonable regenerator
depths in the gap system. A nylon configuration was included &s a
primary configuration (number 7) because it is thermodynamically a
promising material. The high speed nylon configuration (number 6)
requires somewhat more power. The low rigidity of nylon will likely
cause more vibration at the electronics caused by nylon cyclical
stretching during the pressure cycling of the refrigerator. The elastic
moduius of nylon is more than 10 times less than that of Macor or many
other ceramics. The rigidity therefore suffers accordingly.
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Helium premeation is also a concern with Nylon, but helium will permeate
through most nonmetals. Since the exterior of any of the ceramic or
plastic concepts should be coated with a thin metallic layer, the helium
permeation cannot really be considered more of a problem with any
particular plastic or ceramic material. The Nylon configurations were
downgraded relatively because of the rigidity problems.

The main concern with ceramics such as Macor is the residual iron content
caused by iron in the raw materials. This will likely need to be reduced
by special selection of the Macur or substitute ceramic. Nevertheless,
Macor combines low input power, high rigidity, relatively low helium
permeability and small size., These qualities make Macor the prime
candidate as a material.

Vibration and Magnetic Signature

A vibration and magnetic signature analysis was performed for configura-
tions 7, 8 and 9 because of their potential as candidate configurations.
The vibration frequencies of the cantilevered cylinder/displacer assembly,
each radiation shield, and the vacuum shell were determined. Table 4 gives
the results of the freguency analysis for the fundamental frequency f,,

and the next 4 harmonics, f2 thru fg. The operating speed of the cooler

is shown for comparison. In all three cases, the fundamental frequency is
at least a factor of 6 higher than the operating speed. Some damping will
be provided by the superinsulation in the vacuum spaces. In addition, the
technique for suspending the refrigerator should be soft and should have a.
high damping coefficient to reduce the vibration.

An analysis of the magnetic signature noise sources and magnitude estimates
has been provided by Arthur D. Little, Inc. The report of their analysis
is given in the following text.

The results of this preliminary evaluation are given in Table 5. In some
cases, it was possible to calculate the magnitude and frequency of the
expected noise; in others, only the relative magnitudes for the designs
could be assessed; and in a few cases, only a preference rating could be
obtained. Where no substantial difference is expected between the designs,
N.D. (no difference) appears in the Table.
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TABLE 4
§ VIBRATION CHARACTERISTICS
(.
- Yowest 5 natural
9 Config- frequencies, cycles/sec operating
. uration Components fq f3 fa fg freq. cps
?L ;i Small displacer
L Macor cylinders 200 1260 3460 6760 11200 33.3
‘ outer rad.
shield 670 4300 11800 23000 38200
) inner rad. i
?' shield 1050 6700 18400 36000 60000 ”
;o vacuum i
L shell 630 4000 11100 21600 35800 )
P Macor displacer/ i
' cylinders 19 120 340 660 1100 1.7 !
% ¥ outer rad. 5
% » shield 20 130 350 690 1140
4 i inner rad. ‘
] shield 3N 200 540 1060 1750 @
o A
; vacuum 4
f i shell 16 100 270 530 €80 4
Nylon displacer/
cylinders 8 50 135 265 440 1.0
outer rad.
shield 55 350 960 1880 3100
inner rad.
shield 95 610 1670 3270 5400 !
vacuum !
shell 40 250 700 1370 2260
A
{}
.’?
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L TABLE 5
' %{; RESULTS OF MAGNETIC SIGNATURE ANALYSIS
ﬁlal Large Small
- MACOR MACOR Nylon
o 1. Ambient Noise N.D. N.D. N.D.
b 2. Motor Noise Low High Moderate
- 3 Displacer Field-distortion
b i. Geometric effect 1 2.82 0.5%
- ii. Field amplitude (gauss) 1078+ 2(10)"8« 10°8
i iii. Frequency (Hz) 1.7 33.3 1.0
% Shield eddy currents negligible negligible negligible
& ‘ 5. Charge accumulation noise
£ i. Reciprocation noise (gauss) 8 x 10714 1x 1079 4 x 10713
g | it. Frequency (Hz) 1.7 33.3 1.0
‘ i11. Vibration noise (gauss) 3 x 10712 3 x 1079 5 x 10712
ﬁh : iv. Frequency (Hz) 19 " 200 7.5
i 6  SQUID Vibration Moderate Low High
| 7. Johnson Noise N.D. N.D. N.D.
|
T N.D.; No Difference
* Note: ﬂ“
These figures were calculated using the Weiss theory of ferromagnetism, assuming f%
that the iron atoms (with a number of order 10]9/cc (i.e. 500 PPM)) are f%
uniformly distributed and isolated from each other in Macor. If this assumption -
is correct, the calculated Curie temperature is zbout 0.2K, so that, at the -
operating temperature, paramagnetic behavior is expected. If the impurity insteadfﬂ
consists of isolated aggregates of iron atoms, each comparable to or larger than aﬁf
domain in size (that is about 10]5 atoms), the material will behave like a A
collection of small ferromagnets and much higher susceptibility would be '
obtained. This question can be resolved only by an experimental investigation - )
which is recommended before using a Macor displacer in a cryocooler for this ;
application.
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The potential noise sources include:

-

° Ambient noise due to aircraft systems, geomagnetic noise, etc. This
noise is expected to be comparable in all three refrigerator designs.
Design of the overall magnetometer systems for best performance in the
presence of this noise is a separate subject, not considered here.

N e st
e

° Noise due to electrical components of the refrigerator, such as the
motor driving the displacer. Other factors being equal (similar
refrigerating capacity and efficiency, similar motor designs), the
largest concept (Large MACOR) would be preferred because the motor is
farthest away from the SQUID. Careful attention should be given to

L magnetic shielding of the motor. In order to minimize noise in the

% ; signal frequency range, a 400 Hz geared motor is preferable to a DC

f ‘ motor. If necessary, the refrigerator could be driven by compressed

& ; air, allowing remote location of the electrical drive.

-t e

° Distortion of the terrestrial field by the displacer. For the simplest
case, in which the terrestrial field is aligned with the axis of the
displacer, the variation in the field on axis at a distance Zo from
the mean position of the end of the displacer piston is given
approximately by

626

H = ]/ZHOX
(Z, 2, g8 3t (17)
where ¢ is the stroke of the displacer, a is the radius of the Jdisplacer
in the final staye, x 1s the magnetic susceptibility of the displacer
material, and H  is the terrestrial field. The fundamental frequency

of this noise is of course that of thz displacer.

, The value of a25/(20 ‘?ﬂaz)?’/2 is shown in tha Tabie as

‘ ("Geometric Effect"), normalized to that for the large MACOR desiyn.
This shows what the relative magnitude of this noise would be §if ali
designs used the same material for the displacer. It is clear that
changes in the dimensions can have a significant effect on tnis noise.
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The volume susceptibility of nylon at 10K varies from about 10'5
(Gaussian Units) down to zero or perhaps to diamagnetic values [12].
The upper bound on the amplitude of the field-distortion noise for the
nylon-displacer design is calculated as 10°8 gauss, but it could be
significantly smaller if nylon selected for near-zero susceptibility
were used,

The upper limit specification for Macor is 1000 PPM of iron, although
typical samples are expected to contain about 500 PPM [13]. Experiments
at 4K in the terrestrial field gave a MACOR susceptibility which was too
low to measure [13]. We suspect that the sample used in this experiment
had 1ittle or no ferromagnetic contamination. It is clear that great
care must be taken to avoid introduction of ferromagnetic particles, for
example, during machining of the displacer. Special manufacturing
methods may be needed to reduce the residual iron content caused by iron
in the raw materials [13]. The field ampiitudes reported for the Macor
concepts in Table 5 were calculated using 500 PPM of iron,

Eddy currents. Vibrations of the radiation shields within the earth's
field will induce currents in them. However, rough calculations indicate
that the field fluctuations at the SQUID due to these effects will be of
order 1071° javss or less, below the inherent noise level of the

device. The use of superinsulation will in any case tend to damp these
vibrations.

Electrostatic ~harge. <Charge build-up on the displacer piston will
produce electric fields in the vicinity of the SQUID, and motion of the
displacer will then induce magnetic fields. Reciprocating motion of the
displacer will create circumferential magnetic fields about the axis,
with zero field on the axis. Vibration of the displacer will create
fields perpendicular to the vibration.

In order to estimate an upper bound to the magnitude of these effects,
we arbitrarily assumed that electrostatic charging could elevate the
potential of the end of the displacer by up to 1000 volts above that of
the cylinder end. The field due to reciprocating motion was then cal-
culated at a point 1 mm off axis at the location of the SQUID, with the
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results given in the table. For the vibration-induced field, we arbi-
trarily assumed that the amplitude of the vibration of the displacer end
was 10% of the clearance between it and the cylinder wall, and the field
was calculated on axis at the SQUID location.

Because of the dubious assumptions in this calculation, the fields given
should be considered accurate only to within an order to magnitude or
more, but they are probably high. In any case, the SQUID could be pro-
tected from this noise by plating the outside of the displacer cylinder
with a thin metal coating, and this is recommended.

SQUID vibrations., The SQUID is mounted on the end of a beam whose vibra-
tions will change its orientation with respect to the terrestrial field.
If the angular amplitude of vibration isa , the magnetic noise from this
effect is simply Hou. The refrigerator suspension should be designed

to be soft with a lot of damping at the beam vibration frequency. Care
is clearly needed to make this effect small. Other factors being equal,
the desijyn with the highest beam vibration frequency is preferred with
respect to this effect, so as to remove this noise source as far as
possible from the signal band.

Johnson noise. Thermal noise currents are expected in the radiation
shields and superinsulation, and these will produce magnetic noise at
the SQUID. Since the amplitude of Johnson noise varies inversely with
the frequency, this noise source could be significant in the signal band.
Explicit calculation of the noise requires more information than is pre-
sently available (e.qg., the temperature distribution in the shields).
Such a calculation might suggest ways to reduce Johnson noise. With
respect to Johnson noise fields, the present radiation shields act 1like
long solenoids, so that the fields at the SQUID depend on the shield
temperatures but not on their dimensions. The three designs are thus
expected to be comparable in their sensitivities to this effect.
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Recommendations From Magnetic Analysis

A well-shielded AC motor should be used to drive the refrigerator. A
compressed-air drive would be preferable.

Great care should be taken to avoid ferromagnetic contamination of the
displacer and cylinder during machining.

The susceptibility of Macor should be inade as small as possible by the
manufacturing process and by elimination of iron contamination during
machining. Nylon susceptibility should be chosen as near zero as poss-
ible by choosing the proper nylon material.

The outside of the displacer cylinder should be plated to minimize
moving charge effects.

Careful attention should be paid to damping beam vibration modes
affecting the SQUID mounting and to avoid excitation of these modes.

The lead slug for thermal smoothing is acceptable only for working
temperatures above the superconducting transition temperature of lead.
A lead damping block is therefore not acceptable for 4.2K operation.

An analysis should be undertaken of Johnson magnetic noise and of means
for minimizing this effect.

Design of the refrigerator should be integrated with overall design of
the magnetometer. For example, an external Helmholtz coil to buck out
the terrestrial field would minimize displacer field-distortion noise.
Some of the noises may be filtered by signal processing, and others
might be reduced by magnetic feedback using small coils near the SQUID.
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V. CRITICAL AREAS

Concepts presented in this report have some critical areas that need additional
attention. These are identified in the following text and approaches to solu-
tions are suggested.
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Plastic and Ceramic Materials:

? ° Helium can permeate by diffusion through the plastic and glass materi-

Lo als proposed in the gap concepts.

° Electrically non conductive materials used to construct the displacer
and cylinder walls can develop static electrical changes. Motion of
these charges through the Earth's field can produce a magnetic signa-

ture at the electronics.

LTI ETIIC  en

|
!, Metals

'i ° Metals act as magnetic signature sources due to the generally higher
magnetic susceptibility and because of motion of the electrical con-
ductor through the Earth's magnetic field.

Vibration:

B R o R

° Reduction of vibration to the required levels is challenging. Special
attention needs to be addressed to the method of mounting the cryocooler
to provide additional damping and support to the cold finger, radiation
shields and vacuum shell, and to methods of isolating the electronics

from the cold finger.

Drive Motor Magnetic Field:

° Careful attention will be needed for proper shielding to attenuate the

motor magnetic field.
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oaches to Critical Areas

Plastic and Ceramic Materials:

Helium can diffuse through almost any ceramic or plastic material. These
materials will therefore need to be coated with a layer impervious to
helium. This layer will very likely need to be a metal. While helium can
also diffuse through some metals, the rate is generally much lower. The
metallic coating necessary for an impervious layer is generally very thin.
This thickness needs to be a trade off between achieving an impermeable
layer and minimizing the axial thermal conduction loss in the cryoccoler.
Thicknessess less than 0.002 centimeters are generally acceptable for con-
duction losses. This is more than enough to produce an impermeable
coating. Approaches for achieving the impervious coating are:

° Impregnating the plastic material with a penetrant that seals the
helium diffusion paths.

° (Coating the outside of the plastic cylinder with an impermeable coating.

In the first approach, the cylinders are treated before assembly. They are
placed in a chamber which is then evacuated. Next a sealant, preferably a
metallic sealant, is admitted and the cylinders are immersed while in a
vacuum. High pressure air is then ¢dmitted to the chamber to finish
driving the sealant into the diffusion paths of the material. Manufac-
turers have claimed that the process will seal extremely minute porosity;
however, conversation with a manufacturer indicate that the process has
not been used to seal the small interstities in plastics. The sealant
jtself must be impervious to helium; therefore, the metallic sealants that
are para- or dia- magnetic are preferable.

The process has been used to seal metallic castings. Testing of the effec-
tiveness of sealing ceramics and plastics will need to be done. Particular

sealants by various manufacturers will need to be tested to determine the one
that is most effective. Many sealants that appear to seal castings completely

may still be permeable to helium. The same sealant may not penetrate into
the very small interstructural diffusion paths in ceramics and plastics.
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The second method includes coating the cylinder with metallic coatings or
i (wu‘ possibly with impermeable epcxy or similar materials. A metal with very
S : low magnetic susceptibilty such as gold, copper or possibly indium can be
S coated onto the cylinder by the sputtering process. The thickness can be
i
i
!
|
(

adjusted so as to give an impermeable barrier to helium but present a low
| ¢ 1al heat conduction loss. Calculations indicate that metal thicknesses
b less than approximately 1 mil will produce an acceptably low conduction
Lo ) loss. This is considered a very thick coating with regard to making an
impermeable barrier.

;t ‘ A coating of epoxy or other material onto the outside of the ¢ylinder can
: be an alternate method of making an impermeable layer on the exterior of
the cold finger Epoxy, parylene, and similar coatings have had mixed
success in sealing against helium. More investigation to establish the
validity of a nonmetallic coating is needed.

: The approach to the static electricity generation is to plate the outside
J of the cylinder assembly with a metal such as indium. This solution can
be combined with the metal coating approach to the helium permeation

: f problem since the coating will likely solve both problems. The metal

¢ . coating approach is therefore recommended.

AL ' Metals

{ Metals moving in magnetic fields cause electric current generation.,K Local
? L magnetic field perturbations are therefore produced. The use of metals,
' particularly metals with appreciable movement, should be avoided. Cryo-
3 4 cooler displacers and moving components near the cold end should be made
E '“ of non metals. Even metal vibration will be disruptive. In the present
’ program, the damping block is constructed of lead because of its thermal
properties. The metallic coating to solve the static and permeation
problems may result in magnhetic signature because of a vibrating metal
located near the cold end. Care must be taken, tnerefore, to minimize the
vibration. Only absolutely necessary metal construction should be used.
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2 Vibration

Vibration is probably the most critical of the areas of concern. Reduction
of vibration so that the electronics moves through an angle of 10']0
radians or less is very difficult. While the concepts included in this
report are attractive because they use a minimum of metallic construction
and a minimum of power, isolation of the electronics from the cryocooler

‘ may very likely be needed to achieve the program vibration goals. The
iritegral drive system will have less vibration than a split system because
a greater degree of balancing can be achieved; however, isolation of the
electronics may be the only way to achieve the vibration goals. Possible
isolation methods include a flexible conduction link, and a wire mesh

S thermal contact. A radiation link has been used at nigher temperatures
- : (77K), but the low temperatures involved will preclude this method. It

j should also be noted thai conduction lines are not infinitely flexible.
L They also carry some vibration. Nor is vibration limited to the type of

A cycle selected for these concepts. The use of a Claude type cycle also

X has inherent vibration noise. A Joule Thomson expansion used in Claude

E : cycles introduces the vibration noise of gas expanding through the J-T

E p valve, The spectral definition of that noise is not well defined so that
3

E

o
. v

e R

-

electronic methods of reducing noise are more difficult.

‘ The gap concepts addressed 1 this report appear to be attractive for ap-
'f ' ' plying electronic suppression of vibratory noise interference. The dis-
placer and compressor frequencies of operation are well defined. The beam
vibration frequencies can also be predicted reasonably well so electronic
counter measures can be designed. A Helmholtz coil bucking system can be
of value in reducing the displacer field distortion noise. Beam vibration
noise will probably yield to a similar treatment. In general, filtering
during the signal processing and electronic noise suppression are reason-
able approaches for reducing the effects of vibration.
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VI, THERMODYNAMIC PERFORMANCE

The configurations listed in Table 2 are designed to produce 50 milliwatts of
refrigeration at 10K, Appropriate safety factors have been used in relating
the mathematical model predictions to expected performance. The performance
of the configurations used for concepts in columns 7, 8, 9 at 8.5k were esti-
mcted using the model even though some of the data correlations have a lower
limit of 10K. The 8.5 K performance was combined with the 10 K performance to
extrapolate to the zero load temperature. Therefore, the 8.5 K and zero load
teinperatures must be considered as estimates only. The 10K and 8.5K, capaci-
ties and zero load temperatures for the small Macor, Macor, and Nylon configu-
rations are given in Table 6. The small Macor and Nylon configurations have
about half of their 10K capacity left at 8.5K whereas the larger Macor config-
uration will have zero capacity at about 8.5K. Larger thermal losses are
associated with the larger Macor configuration. The losses produce the steeper
net change of capacity with temperature.

The trend of required input power as a function of the number of stages for
the Macor configurations is shown in Figure 6. The input power requirements
“or the small and larger four stage configurations are shown to indicate that
there is a spread in representing this trend. There is an effect of size and
other system parameters on the input power of four stage configurations or
configurations representing any given number of stages. The trend is, there-
fore, only approximate, but it does show a decreasing power requirement as the
number of stages is increased. However, the addition of stages has diminishing
returns. The input power reduction to be gained by the use of five stages
instead of four is less than the reduction to be gained by the use of four
stages instead of three. The trend of Figure 6 shows that the slope of the
input power with number of stages is fairly flat at five stages, i.e., four
stages are almost as attractive as five. Since more stages can be equated to
greater complexity, a judgement must be made in the selection of stages. Four
stages were therefore chosen for the concepts. The model indicates that three
or even two stages could have been used, albeit with a greater power require-
ment. The choice of four stages was a compromise between input power and
complexity.
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TABLE 6
GAP CONCEPT PERFORMANCE

CAPACITY AT TEMPERATURE, (mW)

Configuration 10K 8.5K lero Load Temperature, K
Small Macor 50 30 6.5

Macor 50 0 8.5 to 9.0
Nylon 50 21 7.5

reN
b}

=
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Figure 6: Macor Configurations
Trend of Input Power
Vs. Number Of Stages
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Gap configurations are very dependent on the thermal penetration required to
serve as an effective regenerator. One representation of the thermal penetra-
tion depth is given by A, the depth required for the cyclic temperature ampli-
tude to decay to 1/e of its value at the regenerator surface. In order to

have an effective regenerator, the cylinder wall thickness (and the regenerator
annular wall in the displacer) must be a multiple, (e.g., at least four times),
of the Avalue. Structural considerations may dictate even thicker walls.

The X thickness as a function of operating temperature is shown in Figure 7 for
the small Macor configuration. The X is the reciprocal of the logarithmic
decrement, equation (10). Since the specific heat decreases faster with tem-
perature than the thermal conductivity, A increases with decreasing temperature
as shown for Macor in Figure 7. The cylinder walls of the colder stages are
thicker to account for the larger penetration depths. The conduction loss in
the colder stages which have thicker walls is offset by the lower thermal
conductivity at the lower temperatures.

The ) is also a function of the operational frequency as shown in Figure 8.
Since ) is the reciprocal of m (equation 10), A is a function of the reciprocal
of the square root of frequency for a given temperature. A higher operating
speed therefore has the advantage that thinner walls can be used to accomodate
the required thermal penetration. Higher speeds have diminishing returns for
Macor in this respect above 2000 RPM as shown by the relatively small slope of
Figure 8 above 2000 RPM,

The trend of input power as a function of operating speed as developed using
the small and larger Macor configurations is shown in Figure 9. Since only 2
points are shown, the shape of the curve is not clearly defined. The full
data spread of Figure 9 is represented as prediction inaccuracy in Figure 6
for four stages. What Figure 9 does show is that the input power is at most a
very weak function of operating speed between 100 and 2000 RPM. For practical
purposes, input power is nearly independent of operational speed. The addi-
tional power required to cycle the system mass more often is compensated by
the decreased size of the system (decreased mass flow) for concepts of the
same material.
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Vil. RECOMMENDED CONCEPT

SRy 27

fl : e{.;a Based on the results found during the course of this study, the smail four

" stage Macor integral configuration is selected as the most attractive concept
for Phase IJ development. Of all the configurations reported, only the large
nylon has a lower power requirement. The input power required for the small
Macor is 166 watts which is within the program design goal. The refrigeration
capacities of the various stages of the concepts do vary somewhat because of

V the procedure of developing concepts for 50 milliwatts at 10K, so some power
variation is expected. The small Macor first and second stages have ample
refrigeration capacity to operate the radiation shields attached to them. The
. ; larger concepts need somewhat greater upper stage power, as shown in Table 2,
i :‘ ' because the radiation shields are physically larger.

T s

TR e

: The four stage small Macor configuration is the smallest of all the concepts.
ﬁ? The relatively high operating speed is the feature that affords the potential
b ' to reduce the physical size of the design.

A ! Ceramic materials can contain some residual iron from a small amount of iron
| content of the raw materials; however, the Macor material used must be a non
ferromagnetic material in order to minimize magnetic interference. Special
processes can be used to reduce the residual iron content if needed. A1l of
the configurations, except the one using stainless cylinders as a comparison,
are constructed of non ferromagnetic materials. The ceramic material was
selected over the nylon or other plastics because it has better wear charac-
teristics and it has superior structural rigidity.

O S

T =g
S
P T

An integral drive system is recommended with the Small Macor concept for the
Phase 11 development. The integral drive can be more exactly balanced.

i Optimum balancing will result in a minimum of vibration and magnetic signature
caused by vibration. The integral drive will require less power because the

; line loss between the compressor and cold finger is less than for a split

§ system. A more consistent thermodynamic performance is also expected with the

4 integral drive. The integral motor must be shielded by Mu metal, possibly by
several layers, to attenuate the motor magnetic field.

fi§
!
i

‘:}' The small four stage Macor integral concept is the bcst candidate for
Phase 1I. This concept exhibits the greatest potential to achieve the program

goals of minimum power, size, and magnetic signature.
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VIII. CONCLUSIONS

e
I 3
.-

The study conducted in Phase I has yielded several conclusions. They are
listed in the following tabulation:

5 e T TR L Ty

ﬂ ° Achievement of the required refrigeration capacity within the 250 watts
{ input power requirement of the program is feasiable.
? ° Achievement of the *+ 0.01K temperature tolerance at the electronics

package is attainable,

° Vibration reduction to the program goals appears challenging. A method
of electronics isolation may be needed.

° Residual iron in the Macor will need to be minimized in the
manufacturing process.

° (Ceramic or plastic materials will need to be coated, probably with a
metal, to render them impervious to helium.

° An integral system is most feasible because of low input power and the
capability for accurate balancing.

i St math
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1X. RECOMMENDATIONS

Based on the studies conducted and the conclusions reached, the following
recommendations are given:

° The small Macor concept chosen as the most attractive should be further
. developed into a detailed design as a Phase 11 effort.

® Approaches to solving the helium permeation in ceramics should be
investigated in Phase II.

° Phase II should include efforts for vibration abatement including means
of isolating the electronics from the cryocooler and, possibly, elec-
tronic suppression of vibration noise.

° The details of the requirements of interfacing the electronics with the
cryocooler, i.e., size or space requirements, method of mounting, number
of lead wires and access requirements, should be assessed as part of
Phase 11.

° Further investigation should be made into means of reducing the Macor
residual iron content.
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X. PHASE Il PROGRAM PLAN

The plan for the proposed Phase Il development includes a definition of the
objective, an overview of the scope, and a description of suggested tasks to
accomplish the objective.

Objectives

The objective of Phase Il is to produce a cryocooler design sufficiently
detailed for complete evaluation and for construction of a prototype unit.

o e

v

% Overview of Scope

gt *j ; The scope of Phase Il comprises a cryocooler interface definition, and the
@ﬁ y ; detailed design including a magnetic signature analysis. The definition of
§ ‘ ! interface requirements includes discussions with SQUID manufacturers and

@ §f : with the Navy to determine mounting requirements, power requirements, and
ﬁ  :] ‘ details of vibration and magnetic signature allowances. The results of the
. : interface definition will be used in the Phase II design.

Vibration isolation is a critical area identified in Phase I. Additional
study of methods of isolating the electronics from cryocooler vibration
must be pursued. Separation of the electronics from the cryocooler is an
area that needs additional investigation. Investigation of the method,
geometry, and construction is included in the Phase II plan.

Overview of Tasks:

‘ ® The first task is a study of the interface requirements of the electron-

! ics. Discussiohs with SQUID manufacturers and with the Navy are to be

} used to establish power dissipation, space requirements, mounting
details, vibration requirements, and magnetic shielding requirements of
the electronics. The study will be used to define the number of lead
wires, their geometry and other access requirements.

LN o v SN SR s T e an R IR o Bl it 5o 5 A o T B S B s i

"

i b

T
-

b ° The primary task is a detailed design of the small Macor concept. The
§ ' sub tasks of the detailed design are described in the following
‘ % paragraphs. i
| !
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A thermodynamic analysis including performance predictions, and a cool-
down time analysis is to be included. The small Macor concept will be
modified as necessary based on the analysis.

The approaches for eliminating helium permeation through Macor identified
in Phase I are to be pursued to produce a design which includes a method
of eliminating helium permeation.

An investigation of vibration isolation is needed to identify the most
attractive method of achieving vibration goals. This sub task defines
the method of isolation to be used in the mechanical detailed design.

A mechanical detailed design is to be carried out including methods of
assembling and fastening the cylinders, radiation shields, and various
components, Design drawings are to be the result of this sub task.

An analysis of vibration and magnetic signature is to be made of the
design. Results are to be used to modify the design to correct
deficiencies.

® The final report will describe the detailed mechanical design, vibration
and magnetic signature analysis, and the thermodynamic performance
predictions. It will also include the results of the impervious coating
method evaluation program, the interface definition task, and the vibra-

k]
“51
3

tion isolation task.

. s

Program Schedule:

The proposed schedule for Phase Il is shown in Figure 10. A nine month
Phase Il program is proposed. Reviews are to be held at the end of 3 months
and 6 months from the date of contract award. Monthly progress reports are
proposed. The proposed final report due date is 9 months after contract

award.
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APPENDIX
COMPARISON OF GAP MODEL PREDICTIONS WITH EXPERIMENTAL DATA

In order to ca'ibrate the model for performance pr-1ictions of gap
regenerative systems, the model predictions were compared with experimental
data reported by NBS for 3 stage [11], 4 stage [14], and 5 stage [15]
cryocoolers. The 3 stage, 4 stage, and 5 stage comparisons will be discussed
in the following subsections. Then reasons for differences in results will be
suggested and the method of using the comparison to calibrate the model
predictions will be described.

Three Stage System

The three stage model described in [11] achieved a no load third stage
temperature of 12.5 to 13K. With an applied load of 11 milliwatts, the
temperature increased to 14.5K. The input power reported from assuming
isothermal compression was abc:* 7 watts at the no load condition. Com-
parison of the model predicti.n with the NBS results is shown in Table 7.
Yhe geometry and conditions used in the comparison are NBS values as
reported in the literature except for high and low pressures and second
stage temperature. ‘ressures were calculated based on the average charge
pressure. The second stage temperature was estimated as 40K, The stuge
temperatures are inputs to the model. The resnlting capacities predicted
by the model are higher than the experimental capacities, but the input
power requirements compare closely.

Four Stage System

The four stage refrigerator describec in [14] achieved 8.5K with no applied
load. The input isothermal power was about 15 watts as in the three stage
system. The model prediction was 22 milliwatts at 8.5K. Table 8 gives the
comparison of the model predictions with the data and aiso gives the geom-
etry and conditions for the four stage system. Temperatures of the upper
stages were not reported in the literature and are therefore estimated.
High and low pressures were calculated from the average pressure and the
volumes of the expander, compressor, and other elements of the system.
Predicted capacities are also higher than experimental capacities for the
four stage system. Input power requirements again compare closely.
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TABLE 7 §

MODEL PREDICTIONS COMPARED 4

TO NBS RESULTS -- THREE STAGE SYSTEM

NBS RESULTS MODEL PREDICTION i

;; Isothermal Input Isothermal Input

3 T3,K Capacity,mW Power, Watts Capacity,mW Power, Watts :

3 13 0 15 49 17.2 {

3 ,

’ 14,5 N -- 50 16.4 {
ro

! GEOMETRY AND CONDITIONS ;

; ?

f ]

“ 3

l ! 1st stage 2nd stage 3rd stage .

{} dia., mm 19 9.5 4.7 @

f 'l length, rm 245 143 144 i

: | gap, mm 0.05 0.07 0.04 :

L wall thickness, mm 2.4 2.4 2.4 ;

' temperature, K 120 40 * 13 }
)

i

P ]

Y *estimated i

g \ g

1 ‘ﬂ Nylon displacers and G10 Cylinders j

; d o Average pressure 5.0 atm, !

: i

Minimum pressure 3.0 atm. (calculated) %

§ 4 !:} Maximum pressure 8.2 atm, (calculated) %

1 . -61- §
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NBS RESULTS

TABLE 8
MODEL PREDICTIONS COMPARED
TO NBS RESULTS -- FOUR STAGE SYSTEM

MIDEL PREDICTION

Isothermal Input

Isothermal Input

o o R AR A, -l T‘L“-‘_-“‘:T‘I_“::I‘;; :“‘:.;'l?:‘;:“_-": L

e
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T4,K Capacity,mW Power, Watts Capacity,mW Power, Watts
8.5 0 15 22 18.47
GEOMETRY AND CONDITIONS

Ist stage end stage 3rd stage 4th stage
dia., mm 28 19 9.5 4.7
length, mm 120 120 100 150
gap, mm 0.140 0.079 0.048 0.023
wall thickness, mm 4 4 4 4
temperature, K 180 * 80 * 30 * 8.5
* estimatea
Nylon displacers and G10 Cylinders
Average pressure 5.0 atm.
Minimum pressure 3.1 atm. (calculated)
Maximum pressure 8.0 atm. (calculated)
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Five Stage System

Comparison of model predictions and NBS data [15) was made to help to
determine the model calibration. Even though a five stage concept was not
included as a study result, the comparison was used as an additional check
on the model. The five stage system achieved an experimental temperature
of about 6.8K with no external applied load. In addition, several tempera-
tures were measured with various external loads. The comparison of data
and model predictions is given in Table 9. The geometry and conditions are
also reported in the table. While the property correlations of the G10 and
Nylon used in the model should be valid to about 5K, the specific heat
correlation used for helium has an accuracy of 2% only down to 10K. There-
fore, the comparison for the five stage system below 10K will probably have
less accuracy.

Whereas the maximum and minimum pressures of the 3 and 4 stage systems had
to be calculated based on the geometry and the measured average pressure,
the pressure extremes of the five stage system were reported in the litera-
ture. At 9K, the difference between data and the model prediction is about
20 mW. The difference increases to about 28 mW at 6.8K possibly because
the temperature is further from the lower 1imit of the specific heat
correlation. The same comment can help to explain the difference of 38
watts between the predicted and reported input power values. Since this is
only one of the three comparisons and it is outside the range of the model
specific heat correlation, the importance of this input power comparison
should be minimized.

A review of the model predictions indicates a difference between data and
prediction at temperature of about 30 mW for the three stage system, 22 mW
for the four stage, and about 28 mW for the five stage system. The model
overpredicts capacity in each case by these amounts. It is possible that
the experimental apparatus had extraneous heat leaks that reduced the net
or apparent capacity. In this case, a model would not include apparatus
losses that are not part of the thermodynamic losses discussed in the
description of the model. One way to handle the difference is to say that
the model should be calibrated to include the extra losses. The over-
predictions were therefore subtracted from thc concept 10K performance. In
addition, a safety factor of 2 was used for the 10K performance of the
concepts.
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TABLE 9
MODEL PREDICTIONS COMPARED
TO NBS RESULTS -- FIVE STAGE SYSTEM

NBS RESULTS

MODEL PREDICTION

Isothermal Input

T,K Capacity,mW Power, Watts Capacity,mW
6.8 0 -- 28.5
7 1.5 20 29
9 12.5 -- 32
GEOMETRY AND CONDITIONS
1st stage 2nd stage 3rd stage
Dia., mm 38 29 19
Length, mm 140 130 120
Gap, mm 0.23 0.23 0.18
Wall thickness, mm 3.2 2.4 2.4
Temperature, K 167 70 27
Nylon displacers and G10 Cylinders
Average pressure 3.0 atm,
Minimum pressure 1.6 atm,
Maximum pressure 5.7 atm.
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Isothermal Input
Power, Watts

57.9
53.9
i
4th stage 5th stage i
9.5
83 133 g
0.10 0.05
2.4 2.4
15.5 7
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The model overpredicts isothermal power by 2 W for the three stage cooler,
3.5 W for the four stage cooler, and 40 W for the five stage system. The
power overprediction increases as the temperature drops further below 10K
for the five stage system. Therefore, the correlation limit problem may be
effecting the power calculation. These experimental data were the only
ones readily available so far as we know. We used them for comparison even
though some points were outside the ranges of the property correlations.

It is difficult to say whether the experimental data had inaccuracies or
whether the predictions are inaccurate. It can just be said that the dis-
crepancies are present. In each case, the model power requirement is
higher than the experimentally measured power. The power requirements
given by the model appear, therefore, to be conservative, i.e. a system
designed with the model won't require more power than the model indicates.
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